Abstract. We investigate the problem of automatically repairing inconsistent ontologies. A repair is triggered when a contradiction is detected between the current theory and new experimental evidence. We are working in the domain of physics because it has good historical records of such contradictions and how they were resolved. We use these records to both develop and evaluate our techniques. To deal with problems of inferential search control and ambiguity in the atomic repair operations, we have developed ontology repair plans, which represent common patterns of repair. They first diagnose the inconsistency and then direct the resulting repair. Two such plans have been developed to repair ontologies that disagree over the value and the dependence of a function, respectively. We have implemented the repair plans in the galileo system and successfully evaluated galileo on a diverse range of examples from the history of physics.
Introduction
Most ontologies are built manually for a particular reasoning task. Successful reasoning depends on striking a compromise between the expressiveness of the representation and the efficiency of the reasoning process. If either the reasoning environment or the goals subsequently change, then the reasoning process is likely to fail because the ontology is no longer well suited to its task. Many modern applications of automated reasoning need to work in a changing environment with changing goals. Their reasoning systems need to adapt to these changes automatically. In particular, their ontologies need to evolve automatically [1] . It is not enough to remove from or add to the beliefs of the ontology. It is necessary to change its underlying formal language. Our group has pioneered work in this new area of research. Our techniques involve diagnosis of faults in an existing ontology and then repairing these faults. They have previously been implemented and evaluated in the Ontology Repair System (ors) [2] . We are now applying and developing our techniques in the domain of physics [3] . This is an excellent domain because many of its most seminal advances can be seen as ontology evolution, i.e., changing the way The research reported in this paper was supported by EPSRC grant EP/E005713/1. that physicists view the world. These changes are often triggered by a contradiction between existing theory and experimental observation. These contradictions, their diagnosis and the resulting repairs have usually been well documented by historians of science, providing us with a rich vein of case studies for the development and evaluation of our techniques. We will use the word 'ontology' generically, to refer to any logical theory, i.e., not restricted to ontologies in description logic, kif or other logics in which ontologies have been traditionally formalised. The physics domain requires higher-order logic: both at the object-level, to describe things like planetary orbits and calculus, and at the meta-level, to describe the ontological repair operations. An ontology consists of two parts: the signature, which declares the functions and their types, and the theory, which is the set of theorems, defined recursively via the axioms and the rules of inference. Our research will progress by composing together a number of diagnosis and repair operations into what we call repair plans, analysing a wide ranging development set of case studies, developing more repair plans and evaluating their performance on a test set of case studies. We will use this work as a basis to develop a theory of ontology evolution that we hope will also be applicable outwith the physics domain. We have already experimented with two repair plans, which we call "Where's my stuff?" (wms) and "Inconstancy". In this paper we summarise our progress so far: describing our two repair plans, their implementation and their application to some seminal events in the history of physics.
Related Work
ors evolved first-order ontologies by first diagnosing their faults via the execution failures of multi-agent plans, then using this diagnosis to guide repairs to these ontologies. These repairs were not just belief revisions, but changes to the underlying signatures, e.g., adding or removing function arguments, and splitting or conflating functions. These signature changes include but go beyond mere definitional extensions, i.e., adding definitions of new functions in terms of old ones. Some of the changes automated by both ors and our current system extend the range of concepts that can be expressed. There is also related work on repairing inconsistencies in owl ontologies, for instance [6] . It focuses on strategies for removing inconsistent axioms and for identifying syntactical modelling errors in owl ontologies to assist users to rewrite faulty axioms. Our focus, in contrast, is on repairing deeper conceptual errors in the underlying physical theory, rather than fixing errors in the use of the owl operators. We are focusing on signature changes rather than removing or repairing axioms. We are also applying our techniques to higher-order rather than description logic ontologies. Nevertheless, we will be investigating this and other related work to identify opportunities for synergy. More generally, our research differs from previous work on ontology matching by being focused on repairing a single ontology dynamically, automatically and without access to third party ontologies. It also differs from previous work on belief revision by being focused on signature changes rather than theory changes. However, again we will try to identify opportunities for synergy with these parallel strands of work.
Ontology Repair Plans
Adding arguments to and splitting functions are examples of refinement, in which ontologies are enriched. Such ontology refinement presents the following tough challenges:
1 The work outlined in this paper addresses these problems in the following way: -Problems 1 and 2 are being addressed by developing repair plans. A repair plan is analogous to a proof plan [5] , a generic proof outline that can be used to guide the search for a proof. Repair plans are generic combinations of diagnosis and repair operations that guide the ontology evolution process. By grouping these meta-level operations they trade off completeness against a dramatic reduction in search. Appendices A and B describe the two repair plans we have developed to date. In addition, we will develop a theory of ontology evolution by isolating and generalising the atomic ontology repair operations arising in our case studies. For instance, since repairs need to be minimal in order to avoid unmotivated and unnecessary repairs, then a suitable concept of minimality needs to be defined and our repairs shown to be minimal with respect to it. Figure 1 outlines one approach we are currently exploring. -Problem 3 is being addressed by working in the domain of physics.
Some of the most seminal advances in the development of physics have required profound ontology evolution. Moreover, the evolutionary process in physics is very well documented. Detailed accounts
To define a concept of minimal repair we are experimenting with extending conservative extension to changes of signature, namely:
where φ ∈ Sig(O) means that φ is a formula in the signature of ontology O and ν(φ) is the repaired φ in repaired ontology ν(O). In the repair plan in Appendix A on p11 both ν(Ot) and ν(Os) are conservative in this extended sense. Their combination, of course, is not, since the purpose of the repair is to prevent a contradiction being derived in the repaired combination.
Fig. 1. Minimal Ontology Repair via Conservative Extensions
are available of: the problems with the prior ontology, e.g., a contradiction between theory and experiment; the new ontology; and an account of the reasoning which led to it. The wms ontology repair plan, described in detail in Appendix A, aims at resolving contradictions arising when the expected value returned by a function does not match the observed value. The expected value can be viewed as being deducible from an existing theory, whereas the observed value is obtained from some sensory data, which can be collected from empirical experiments. To break the inconsistency, the conflicting function in the theory is either split into two parts, visible and invisible, or becomes the visible part of a total function. The intuition behind this repair is that the discrepancy arose because the function was not being applied to the same stuff in the theory and the sensory ontologies -some of the stuff was invisible in one of the ontologies. The Inconstancy ontology repair plan, described in Appendix B, is triggered when there is a conflict between the expected independence and the observed dependence of a function on some variable, i.e., the returned value of a function unexpectedly varies. To effect the repair, the variable causing the unexpected variation is first identified and a new, consistent definition for the conflicting function is then created. The new definition relies on a function relating the old definition to the varying condition. In our current implementation, this function is computed using curve fitting techniques.
Implementation
Our repair plans have been implemented in the Guided Analysis of Logical Inconsistencies Leads to Evolved Ontologies (galileo) system; we chose λProlog [4] as our implementation language because it provides a polymorphic, higher-order logic. This is well suited to the representation of the higher-order functions that occur in both the object-level domain of physics and the meta-level formulae of the repair plans. It provides higher-order unification to support matching of the meta-level triggers of the repair plans to the object-level triggering formulae in the case studies. It facilitates the representation of polymorphic functions such as −, < and =. It also provides depth-first search to facilitate inference at both the object-and meta-levels. These features combines to support rapid prototyping of the repair plans and their application to the development case studies. To illustrate the galileo code, the main clause of the wms plan is provided in Appendix C.
Applications to the Development Case Studies
We have applied galileo to the emulation of a small but diverse set of physics case studies. For instance, wms has been applied to the discovery of latent heat, an apparent paradox about the lost energy of a bouncing ball, the invention of dark matter and the speculation of the additional planet Vulcan to explain an anomaly in the precession of the perihelion of Mercury. Inconstancy has been applied to the extension of Boyle's Law to the Gas Law and the adaption of Newton's theory of gravity (mond) to explain an anomaly in the rate of expansion of the Universe.
§5.1 and §5.2 outline two of the applications of wms and §5.3 outlines an application of Inconstancy.
The Application of wms to the Discovery of Latent Heat
Joseph Black discovered the concept of latent heat around 1750. Wiser and Carey [7] discuss a period when heat and temperature were conflated, which presented a conceptual barrier that Black had to overcome before he could formulate the concept of latent heat. This conflation creates a paradox: as water is frozen it is predicted to lose heat, but its heat, as measured by temperature, remains constant. Black had to split the concept of heat into energy and temperature. The paradox faced by Black can be formalised as follows:
Ot Heat(H2O, Start(F reeze)) = Heat(H2O, Start(F reeze)) (1)
Os Heat(H2O, Start(F reeze)) = Heat(H2O, End(F reeze)) (2)
Ot Heat(H2O, Start(F reeze)) = Heat(H2O, End(F reeze)) (3) where H2O is the water being frozen, F reeze is the time interval during which the freezing takes place, Start returns the first moment of this period and End the last. (1) comes from the reflexive law of equality, (2) comes from the observed constant temperature during freezing and (3) is deduced from the then current physical theory that heat decreases strictly monotonically when objects are cooled. These formulae match the repair plan trigger (7) in Appendix A with the following substitution:
{Heat/stuff , H2O, Start(F reeze) /s, Heat(H2O, Start(F reeze))/v1, Heat(H2O, End(F reeze))/v2}
To effect the repair we will define σvis = {T emp/stuff } and σinvis = {LHF /stuff }, respectively, in anticipation of their intended meanings, where LHF can be read as the latent heat of fusion. These choices instantiate (8) in Appendix A to:
∀o:obj, t:mom. LHF (o, t) ::= Heat(o, t) − T emp(o, t)
which is not quite what is required, but is along the right lines. Some further indirect observations of LHF are required to witness its behaviour under different states of o so that it can be further repaired, e.g., the removal of its t argument. The T emp part of the new definition needs to be further refined so that its contribution of energy depends both on temperature and mass. These further refinements will be the subject of future ontology repair plans. In the repaired ontologies, since Heat(H2O, Start(F reeze)) is greater than Heat(H2O, End(F reeze)), the repaired triggering formulae are transformed to :
ν(Ot) Heat(H2O, Start(F reeze)) = Heat(H2O, Start(F reeze)) ν(Os) T emp(H2O, Start(F reeze)) = T emp(H2O, End(F reeze))
which breaks the derivation of the detected contradiction, as required.
The Application of wms to Dark Matter
The evidence for dark matter arises comes from various sources, for instance, from an anomaly in the orbital velocities of stars in spiral galaxies identified by Rubin [8] . Given the observed distribution of mass in these galaxies, we can use Newtonian Mechanics to predict that the orbital velocity of each star should be inversely proportional to the square root of its distance from the galactic centre (called its radius). However, observation of these stars show their orbital velocities to be roughly constant and independent of their radius. Figure 2 illustrates the predicted and actual graphs. In order to account for this discrepancy, it is hypothesised that galaxies also contain a halo of, so called, dark matter, which is invisible to our radiation detectors, such as telescopes, because it does not radiate, so can only be measured indirectly. We can trigger the preconditions (7) in Appendix A with the following formulae:
Os λs ∈ Spiral. Rad(s), Orb V el(s) = Grapha (5)
where Orb V el(s) is the orbital velocity of star s, Rad(s) is the radius of s from the centre of its galaxy and Spiral is a particular spiral galaxy, represented as the set of stars it contains. Formula (4) shows the predicted graph, Graphp: the orbital velocity decreases roughly inversely with the square root of the radius (see Figure 2 ). This graph is deduced by Newtonian Mechanics from the observed distribution of the visible This diagram is taken from http: // en. wikipedia. org/ wiki/ Galaxy_ rotation_ problem . The x-axis is the radii of the stars and the y-axis is their orbital velocities. The dotted line represents the predicted graph and the solid line is the actual graph that is observed. (5) shows the actual observed orbital velocity graph, Grapha: it is almost a constant function over most of the values of s (see Figure 2) . Note the use of λ abstraction in (4) and (5) to create graph objects as unary functions. These two graphs are unequal (6) , within the range of legitimate experimental variation. These three formulae instantiate the trigger preconditions (7) with the following substitution:
{λs ∈ g. Rad(s), Orb V el(s) /stuff , Spiral /s, Graphp/v1,
Grapha/v2}
Note that the repair plan works perfectly well with higher-order objects as the values v1 and v2, provided that polymorphic − and = can be defined as having meaning over this data-type: in this case a piecewise subtraction over the individual values for each star and a fuzzy, negated equality between graphs.
To effect the repair we will define σvis = {Spiralvis/g} and σinvis = {Spiralinvis/g}, so the instantiation of definition (8) suggested by this triggering is:
λs ∈ Spiralinvis. Rad(s), Orb V el(s)
::= λs ∈ Spiral. Rad(s), Orb V el(s) − λs ∈ Spiralvis. Rad(s), Orb V el(s)
where Spiralvis is the visible part of the galaxy, that can be detected from its radiation, and Spiralinvis is its dark matter part.
In the repaired ontologies, since Graphp < Grapha, the repaired triggering formulae are:
ν(Ot) λs ∈ Spiralvis. Rad(s), Orb V el(s) = Graphp ν(Os) λs ∈ Spiral. Rad(s), Orb V el(s) = Grapha which breaks the previous derivation of a contradiction, as required. Note that, unlike the latent heat case study, it is the repaired theoretical ontology that formalises the visible stuff and it is the repaired experimental ontology that formalises the total stuff. This is because Graphp is based on the visible mass in the spiral and is, therefore, smaller than Grapha.
The Application of Inconstancy to Modified Newtonian Mechanics
Another explanation of the anomaly in orbital velocities of stars in spiral galaxies is provided by MOdified Newtonian Dynamics (mond), proposed by Moti Milgrom in 1981 as an alternative to the dark matter explanation. We have discussed in §5.2 that dark matter is an example of the wms plan. mond is an example of the Inconstancy plan. This is a good example of how the same observational discrepancies can trigger different repair plans. Essentially, mond suggests that the gravitational constant is not a constant, but depends on the acceleration between the objects on which it is acting 2 . It is constant until the acceleration becomes very small and then it depends on this acceleration, which is the case for stars in spiral galaxies. So, the gravitational constant G can be repaired by giving it an additional argument to become G(Acc(s)), where Acc(s) is the acceleration of a star s due to the gravitational attraction between the star and the galaxy in which it belongs. Acc(s) is the variad and G is the inconstancy. To satisfy the preconditions of the Inconstancy plan (10) and (10), we modify (4), (5), and (6) from §5.2. We want to have G instead of λs ∈ Spiral. Rad(s), Orb V el(s) on the left-hand-sides of (4) and (5) . Similarly, we want to have the unrepaired representation of the gravitational constant on the right-hand-side of (4). We know from the law of universal gravitation that the square of the radius is inversely proportional to the acceleration of the orbiting star due to gravity, with the product of the gravitational constant and the mass of the galaxy being the constant of proportionality, i.e., Rad(Si
, where G, M , and Acc(Si) denote the gravitational constant, the mass of the galaxy, and the acceleration of the star w.r.t. the galaxy in which it belongs. So, we need to collect evidence for a variety of stars: Si for 1 ≤ i ≤ n, where Acc(Si) varies from large, i.e., Si is near the centre of the galaxy, to small, i.e., Si is on the periphery of the spiral galaxy. The graph shown in Figure 2 , therefore, provides us with sufficient information to relate orbital velocities with accelerations of stars.
The trigger formulae for the Inconstancy plan will then be: and the repaired triggering formulae are therefore:
ν(Os(Acc(S1) = A1)) ν(G)(S1) = M 2OV −1 (OV (S1), M ass(S1),
which breaks the derivation of the detected contradiction, as required. The function F can be determined by finding the best-fit curve for the whole dataset, in which each data point represents an observed Gi made under a particular condition Acc(Si) = Ai. F is a reasonable approximation only if a fairly large number of observations of Gi for a wide range of accelerations of stars Acc(Si) are analysed. If F is a correct and complete approximation of ν(G), then F (6.67 × 10 −11 , Acc(s)) returns the unrepaired value 6.67 × 10 −11 if a star s has an acceleration much greater than 1.2 × 10 −10 ms −2 (close to the centre of the galaxy). If s has an acceleration that is much less than 1.2 × 10 −10 ms −2 (near the periphery of the galaxy), the value returned will be greater than 6.67 × 10 −11
and proportional to Acc(s) 2 × Rad(s) 2 , where Rad(s) is the radius of the star's orbit.
Conclusion
Our proposed research programme is still in its early stages, although initial progress is promising. We have identified two of the five to ten general-purpose repair plans we seek, implemented them and applied them to the development set of case studies. Although small, this development set is satisfyingly diverse. Our current initial ontologies are ad hoc. We plan to develop more principled ones. Our prototype implementation requires the triggering formulae to be in just the right format, whereas later work will explore how to derive formulae meeting this format. This will raise difficult issues of search control. We need to evaluate our existing and future repair plans on a wider test set. We will require further investigation into the history of physics to identify both additional plans and both development and test case studies. Our theory of ontology evolution is in its infancy, although our extended notion of conservative extension is a promising start. A The "Where's my stuff ?" Ontology Repair Plan
Suppose we have an ontology Ot representing the current state of a physical theory and an ontology Os representing some sensory information arising from an experiment. Suppose these two ontologies disagree over the value of some function stuff 3 when it is applied to a vector of arguments s of type τ . stuff (s) might, for instance, be the heat content of a block of ice or the orbit of a planet. Trigger: If stuff (s) has two different values in Ot and Os then the following formula will be triggered, identifying a potential contradiction between theory and experiment.
Ot stuff (s) = v1, Os stuff (s) = v2, Ot v1 = v2
where O φ means that formula φ is a theorem of ontology O. Below we deal with the case where v1 > v2. The other case is symmetric, with the roles of Ot and Os reversed. Split Stuff: The repair is to split stuff into three new functions: visible stuff, invisible stuff and total stuff, recycling the original name for total stuff. Then we create a definition of invisible stuff in terms of total and visible stuff.
∀s:τ . stuff σinvis(s) ::= stuff (s) − stuff σvis(s)
When stuff is a constant then σvis 4 just replaces it with new constant standing for the visible stuff; when stuff is compound the replacement is more complex, but still automatable. Similar remarks hold for σinvis. Create New Axioms: Let ν(Ot) and ν(Os) be the repaired ontologies.
We calculate the axioms of the new ontologies in terms of those of the old as follows:
Ax(ν(Ot)) ::= {∀s:τ . stuff σinvis(s) ::= stuff (s) − stuff σvis(s)} ∪
Ax(Ot)
Ax(ν(Os)) ::= {φ{stuff /stuff σvis} | φ ∈ Ax(Os)} i.e., the axioms of ν(Ot) are the same as for Ot except for the addition of the new definition; the axioms of ν(Os) are the same as for Os except for the renaming of the original stuff to the visible stuff.
